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A Linear Programming-Based Algorithm for
Floorplanning in VLSI Design

Jae-Gon Kim and Yeong-Dae KiriMiember, IEEE

Abstract—in this paper, we consider a floorplanning problem y,ib7 y,‘;t

in the physical design of very large scale integration. We focus
on the problem of placing a set of blocks (modules) on a chip
with the objective of minimizing area of the chip as well as total h
wire length. The blocks have different areas and their shapes are **¢
either fixed (predetermined) or flexible (to be determined). We 74j
use the sequence-pair suggested by Muratat al. to represent

the topology of nonslicing floorplans and present two methods to

C

obtain a floorplan from a sequence-pair. One is a construction Wi

method, and the other is a method based on a linear programming
model. The two methods are embedded in simulated annealing

algorithms, which are used to find a near optimal floorplan. ¥:

y coordinates of the bottom and top boundaries of the
net-bounding box for nek.

Width of the chip.

Height of the chip.

=0if blocki is to be placed to the left of block i.e.,
zf" < z%, and 1 otherwise (if block is free to be
placed on any side of blocg.

=0if blocki is to be placed below blogk i.e.,y?t <
y%, and 1 otherwise.

= 0 if (hard) blocki is placed horizontally, and 1 oth-
erwise.

Results of computational experiments on the Microelectronics
Center of North Carolina benchmark examples show that the

proposed algorithms work better than existing algorithms. l. INTRODUCTION

Index Terms—Floorplanning, linear programming (LP), se-

quence-pair, simulated annealing (SA). HIS PAPER focuses on the floorplan design problem

of very large scale integrated (VLSI) circuits, which is
the problem of placing a set of circuit blocks (modules) on a
semiconductor chip to minimize chip size (area) and total wire
length. Each block consists of several hundred or thousand cells
performing logical or arithmetic operations suchaai®, NAND,

NOMENCLATURE
Parameters

Number of blocks.

n

m Number of nets. and flip-flops, and the area of each block is predetermined.
a; (Lower limit of) the area of block. Blocks are classified into two types according to their shape
S Set of soft blocks. flexibility: hard blocks and soft blocks. Hard blocks are ones
H Set of hard blocks. that are completely designed beforehand and have fixed shapes,
Ey, Set of blocks included in ndt. while soft blocks are ones whose widths and heights are free
Di Length of the shorter side of (hard) blotk to change as far as their aspect ratios are within given ranges.
qi Length of the longer side of (hard) blo¢k Here, the aspect ratio of a block is defined as the ratio of the

T Ti Lower and upper limits of the aspect ratio of black height to the width of the block.
T..7.  Lowerand upper limits of the aspect ratio of the chip. Because of its complexity, floorplanning is usually carried out

a Weight that specifies relative importance of chip sizin two steps, in which two decision problems are solved. In the
compared to total wire length in the objective funcfirst step, the relative positions of blocks (topology of the floor-
tion. plan) are determined so that the total wire length is minimized,

M A very large positive number. and in the second step, (exact) positions and dimensions (widths

and heights) of the blocks are determined so that the chip size is
minimized while the relative positions of the blocks being kept
w?,h?  Width and height of block. remain unchanged. In this study, the first problem is called the
wg, ki  Width and height of the net-bounding box of ket ~ topology generation problem, and the second problem is called
2%zt x coordinates of the left and right boundaries of blackthe floorplan area minimization problem (FAMP). Graph-based
Y 4%y coordinates of the bottom and top boundaries efiethods are often proposed for the first step [4], [10], [11],
block . [24], while various optimal solution algorithms are suggested
¢!, 2§ = coordinates of the left and right boundaries of théor the second step [2], [19], [22], [26], [27], [31]. Although the
net-bounding box for net. two-step approach has an advantage in that it can deal with prob-
Manuscript received January 8, 2001; revised May 7, 2002. This paper wasns with a large number of blocks, its solution quality may not
recommended by Associate Editor T. Yoshimura. ____be good since the two steps are done sequentially and decisions
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which soft blocks have an infinite number of alternatives for drectangle that encloses all blocks of the chip, while the total wire
mensions within given ranges of aspect ratio. Mahal. [14] length is defined as the sum of wire lengths of nets. A net is
formulate the problem as a geometric programming problecomposed of a set of pins through which blocks exchange elec-
and find optimal solutions for slicing floorplans, while Youngtric signals among them and wires that connect those pins. Po-
et al. [32] and Chen and Ku [1] use Lagrangian relaxation argitions of pins within the shape of each hard block are predeter-
linear programming (LP) approximation, respectively, for gemnined and given (although pin positions in the chip should be
eral nonslicing floorplans. determined), while positions of pins within soft blocks cannot
There have been efforts to minimize the total wire length arm determined until exact shapes of the blocks are determined.
the chip size simultaneously in one step. Wong and Liu [28herefore, it is assumed that pins in soft blocks are located at
propose a normalized Polish expression to represent sliciig centers of the blocks as was done in other research [17],
floorplans and use a simulated annealing (SA) algorithm [83], [34]. To estimate the wire length of a net, we use the
obtain a floorplan. Based on Wong and Liu’s algorithm, Yahalf-perimeter estimation methasmmonly used for the pur-
manouchiet al. [29] propose a hybrid floorplanning algorithmpose. In this method, the wire length of a net is computed (esti-
using partial clustering and module restructuring. Yoengl. mated) as the half-perimeter of the smallest rectangle enclosing
[33], [34] extend Wong and Liu’s algorithm to handle cases ioenters of all blocks in the net. In this paper, such a rectangle is
which some blocks should be adjacent to specific boundariesoafled anet-bounding bax
a chip or should be placed within specific regions in the chip. To In the problem, blocks are of rectangular shape, and their
handle nonslicing floorplans, Muragh al.[16] and Murata and areas are given. Hard blocks have fixed shapes, but their spatial
Kuh [17] suggest methods based on the sequence-pair, wigitssitions are to be determined. It is assumed that hard blocks
Nakatakeet al. [18] and Kang and Dai [7] propose methodan be placed either horizontally (the longer side is parallel to
based on the bound-sliceline-grid (BSG). In these methodsthez axis) or vertically (the longer side is parallel to thexis).
floorplan topology is represented by a sequence-pair, which iSaft blocks can have various shapes as far as their aspect ratios
pair of sequences of block indexes (see the Appendix for maee within given ranges. The aspect ratio of the chip, i.e., the
details), and a BSG, which is a plane dissected into seveaapect ratio of the smallest rectangle that encloses all blocks of
rectangles by horizontal or vertical line segments. Recenttie chip, should also be within a predetermined range.
Honget al.[5] and Lin and Chang [12] suggested a corner block In the following, the floorplanning problem considered in this
list (CBL) and a transitive closure graph (TCG), respectivelpaper is presented formally as an MINLP. In the MINLP, it is
for topological representation of nonslicing floorplans. assumed for the moment that pins of all blocks are located at
This paper focuses on the floorplanning problem in whicthe centers of the blocks to simplify the formulation (although
both hard blocks and soft blocks are to be placed within a chégact positions of pins within hard blocks are considered when
for the objective of minimizing chip size and total wire lengththe total wire length is computed in the algorithm to be presented
In this study, we develop a mathematical model for the problelater in this paper).
and use it to solve the problem, which was not done in most

previous studies. We use the sequence-pair suggested by Murata o m
et al. [16] to represent the topology of floorplans. We present [1] Minimize Z (wk + hi) + - we - he
two methods for generating a floorplan from a sequence-pair k=1
(a construction method and a method based on LP), in which subject taz§! Sl(zﬁ’l +2) Vi kiie Ep (1)
positions of blocks, shapes of soft blocks, orientations of hard %
blocks, and width and length of a floor are determined. We also " > (2 4 2b) Vi ki€ Br  (2)
suggest an SA algorithm to find a sequence-pair that gives the %
best floorplan: one with the minimum weighted sum of total Yl Si(y’?b +") Vikiie B, (3)
wire length and chip size. 1

The rest of this paper is organized as follows. In the next sec- i Zi(yibb +y) Vikii€ B (4)
tion, we describe the problem considered in this paper in de- or ol .

. X o . . xy —xy =wy Yk (5)
tail and give a mixed integer nonlinear programming (MINLP) , A
formulation. A construction method and an LP-based method Yo — Yk =hi VE (6)
are presented in Sections Ill and IV, respectively, and an SA al- 2" — 2t =w? Vi (7)
gorithm is given in Section V. To test the performance of the byt =pb i (8)

methods, computational experiments are done on well-known b +(l—v)-q Vie H (9)
benchmark problems, and results are reported in Section VI. Fi- Wi =V pi Vi)t g Ve

nally, Section VII concludes the paper with a short summary. hy =(1—v;) - pitvi - q; Vi€ H (10)
hY
7, <—5 <% VieS (11)
[I. PROBLEM DESCRIPTION . w'ib
The floorplan_nmg problem_ co_nS|dered in this stpdy is the rij + i 4w g <3 Vi < (13)
problem of placing a set of circuit blocks on a semiconductor o bl L
chip with the objective of minimizing chip size and total wire wi" <ayp + M- Vi gii#E g (14)
length. Here, the chip size is defined as the area of the smallest Yot <yt 4+ M wg; Vigii#§ (15)
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we >x)" — 2l Vi, j (16) as follows. Note thab,; can be determined ds; = a;/y;j,
he >yt — o2 Vi, j (17) oncew;; is given.
C I 7 9
ro< e oo (18) For hard blockgif i € H)
' wC 7 — . " . _ .
vi, Tij, uij €{0,1} (19) et iy =pi, andiiz = g;
w W b ol ol o For softblockall 1 € 5)
2y Y€t we, he >0, (20) let ;1 = /%
The objective_ is to minimize .the weighted sum of totallwire Win =0.75, 12 4 0.25, /L
length and chip size. Constraints (1)—(4) are used to define the T; i
2 andy coordinates of boundaries of net-bounding boxes, and R . [ag . [ai
constraints (5) and (6) are used to define widths and heights of Wiz =0.5. Z +05 7
net-bounding boxes, while constraints (7) and (8) are used to o oy
define widths and heights of blocks. Constraints (9) and (10) wiq =0.25, T—‘ +0.75,/ ;L and

ensure that hard blocks have fixed shapes but can be placed ei-
ther horizontally or vertically. In addition, constraint (11) en- s = [
sures that aspect ratios of soft blocks are within given ranges, Ti

and constraint (12) ensures that soft blocks satisfy their area re-

qguirements. Constraints (13)—(15), which were used in the f p_the above five candidate_s for soft blo.i:“he ﬁrs_t candidate
mulation of Montreuil [15] as well, prevent overlaps of block as the smallest aspect ratig), and the fifth candidate has the

. : : : argest aspect ratiar).
by letting each pair of blocks be separated in ther y direc- . . .
tion. Constraints (16) and (17) are used to define the width a We evaluate each candidate for the dimension of a selected

the height of the chip, respectively, and constraint (18) ensuﬁfng by ge_:neratlng floorplans usmg_the sequence-pair evalu-
that the aspect ratio of the chip is within a given range. ation algorithm of Tanget al. [23], which runs inO(n logn)
In [P1], w’, ht, we, andhe can be eliminated if they are re_time. The following summarizes the procedure used to obtain a
1 PR k k

placed withz!™ — b, ybt — 4t e — 3721: andy;t — $Zb, floorplan for a given sequence-pair in the construction method.
respectively, and constraints (5)—(8) are not needed by such rep,aqure 1.

placements. However, in the above model (and throughout th'SStep 0) Letw! = ht = p; foralli € H, andw? = A
paper), these variables are used instead of longer expressions to . ) ) )
make the model easier to understand. (Note that those redunda p1)
variables are not used in computer codes for the algorithms de-
veloped in this study.)

min(w;s, hi) forall i € S.

Select a block, say blocki, with the

maximum block effect value, i.e.,i =

arg max[max;eg{a;q;/p;}, max;es{a;/7;, a;7; }].
step 2) For each candidatg) (for dimensions of block,

. CONSTRUCTIONMETHOD let wf = 1y, andh%’ = h;;, and obtain a floorplan

using the algorithm of Tangt al.[23].

step 3) Select a candidate, say candidatthat gives the

best floorplan. Letw! = <y andh? = hg. If

dimensions of all blocks are determined, obtain a

floorplan using the single-pass algorithm and stop.

A construction method is used to obtain a floorplan quickly
from a given sequence-pait = (I'",T'7). In the construc-
tion method, dimensions (widths and heights) of blocks are de-
termined one by one, and the blocks are placed to generate a
floorplan with the minimum area (smallest chip size). A com- Otherwise, go to step 1.
plete floorplan is obtained when dimensions and positions of all . ’ . . .

: . : X If more candidates are considered for the dimension of each
blocks are determined. Note that the dimensions specify aspe

ratios for soft blocks and orientations for hard blocks. BIockSsc():ftt blockin the construction method, alonger computation time

are selected in a nonincreasing order of bimck-effect value IS required, although a better floorplan can be obtained. In this
which is defined asii(g:/p:) for hard blocks { € H) and research, the number of candidates to be considered was deter-

a: - max(1/,,7;) for soft blocks { € ). Large blocks and mined after a series of preliminary tests considering both solu-

. . tion quality and computation time.
blocks with very large or very small aspect ratios have large q y P

block-effect values. Note that the chip size tends to be more af-
fected by blocks with larger block-effect values.

To determine dimensions (widths and heights) of blocks, we Although the construction method can quickly generate a
consider several candidates for each block. For hard blocks, tilorplan from a sequence-pair, the floorplan may not be good
candidates are considered since hard blocks can be placed ingimge dimensions of blocks are determined one by one, not as
orientations: horizontally and vertically. On the other hand, five whole, and only a small number of candidates are considered
candidates are considered for each soft block, though there faredimensions of soft blocks in the construction method. In
an infinite number of possible dimensions. k&t andfzij de- this section, we present another method, which is based on a
note the width and height of bloakin its jth candidate dimen- mathematical model. In this method, [P1], the MINLP model
sion, respectively. In this study, the valuewf; is determined presented in Section Il, is used. It is very hard to solve [P1]

IV. LP-BASED METHOD
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optimally since [P1] contains a large number of binary variabl€s Removing Redundant Constraints
and nonlinear terms in the objective function and constraints.gyme of the overlap avoidance constraints in [P1], i.e., (14)
In the method suggested here, we fix binary variables, linearizgy (15), are redundant and can be removed. For example, when
nonlinear terms and remove redundant constraints in [P1]jtg _ (1,3,2,4) andT~ = (2,1, 3,4), the overlap avoidance
obtain an LP model, which is used to obtain a floorplan fromg,nstraint that defines relative positions in thexis between
a sequence-pair. blocks 1 and 2 is not needed since block 1 is to be placed above
block 2 according to the sequence-pair. Also, the overlap avoid-
A. Fixing Binary Variables ance constraints between 1 and 4 can be removed since overlap
Once a sequence-pair is given, binary variablgsand u; ; of b_Iocks 1 and 4 can be avoided by overlap avoidance con-
in [P1] can be fixed at zero or one according to the given sglraints between blocks 1 and 3 and between blocks 3 and 4.
guence-pair. For example, when= (1,3,2;2,1,3), 113, us;, N Other words, overlap av_mdance_ constraints between blocks
andusys can be fixed at zero, andy, o1, 723, 731, 732, 19, u13, L and 4 can be removed if there is a block, say block 3, that

us1, andug, can be fixed at one. Therefore, constraint (13) ighould be placed between the two blocks. Similarly, one can
no longer needed and can be deleted. On the other hand, bir%k?te overlap avoidance constraints that define relative posi-
variablesv; s, which are used to represent orientations of hafpns in they axis among the blocks. In the following, we present
blocks, are fixed using a floorplan obtained with the construé-Systematic procedure for removing redundant constraints.
tion method from the given sequence-pair. If bladk € H) is
placed horizontally in the floorplany is set to zero, and; is
set to one otherwise.

Procedure 2.

Step 1) Find pairs of blocks that are separated inath-
rection in the given sequence-pair, and delete overlap
avoidance constraints in thedirection between them.
Similarly, find pairs of blocks that are separated in the

The nonlinear term in the objective function is linearized by y direction and delete overlap avoidance constraints in
approximating the area of the chip with the perimeter of the the z direction between them.

chip, as was done in Yamaza#i al. [30]. Note that the area  Step 2) For all pairs of blockisandj, check if there is a block

of a rectangle tends to increase (or decrease) as the perimeter  whose index is betweenand in bothI't andI'~.

of the rectangle increases (or decreases). In this stuydy,.. is If there is such a block, eliminate overlap avoidance

replaced with{u. + h..) in the objective function, and hence, the constraints between blocksandj.

objective functionischanged o, ; (w§ + h{)+5-(w.+h.),

wheref is a constant that specifies relative importance betweén Linear Program

the total wire length and the perimeter of the chip. Note that

should be determined in such a way that (w. + hc) has @ |qying linear program [P2], once a sequence-pair is given. Let
value\;l_ose rt]oo‘w‘hf' \P:Ve set f: O“/Z/fz ,hasslumklngwc = 4, denote the value af; that is fixed by the method given above,
he = v'A, whereA is the sum of areas of the blocks. . and letR, and R, be the sets of pairs of blocks whose overlap

In addition, nonlinear constraints (12) are linearized by using,nidance constraints in theandy directions are found to be
their surrogate constrain®w? + ht) > 3y/a; + A - s for redundant, respectively

i € S, wheres; = max(w?, h?), and); is a parameter of which

B. Linearizing Nonlinear Terms

Using the above procedures, [P1] can be reduced to the fol-

the value must be determined for each soft block considering m

a given range of the aspect ratio of the block. In the surrogate [/2] Minimize Z (wy, +hi) + 6 - (we + he)
constraint2(w? + h?) represents the perimeter of (soft) black k=1

while 3,/a; + \; - s; represents a lower bound on the perimeter subjectto (1) —(9), (16) — (18), (20), and
that satisfies the constraint associated with the area of the block. wl =t -pi+(1—9)-q; YieH (21)
These surrogate constraints are used based on the presumption WY =(1— ;) pi+oi-qp YieH (22)

that the perimeter of a soft block should be increased to maintain

the area of the block if; (or the aspect ratio) increases. 2w +17) 23\/ai+ X5 VieS (23)
Feasibility of floorplans cannot be guaranteed if the above si >w] Vi€ S (24)

surrogate constraints are used since constraints associated with s; >lb VieS (25)

thg areas qf soft blocks may bg violated. Although we can ob- 2 <l Vi, j: (i, §) ¢ Re (26)

tain a feasible floorplan by letting;s have large values, the b zb T

objective function value will be increased since the areas of the it <y Vi gi(65) ¢ Ry @7)

blocks are overestimated. Therefokes should be set in such

a way that the constraints associated with areas of soft blocks o )

are satisfied as tightly as possible. How valuesXpr are se- = Obtaining a Feasible Floorplan

lected will be presented later in this section. Those surrogatdP2] can be solved optimally even for large-sized problems
constraints were first used by Mellet al. [13], in which the using a commercial software package for linear programs. As
same valueX) was used for the parameters £) of all blocks. stated earlier, a floorplan generated from an optimal solution
Note that we can approximate the areas of soft blocks more ex{P2] may not be feasible since constraints (23)—(25) are not
actly by using different values fox; s for different blocks. exact constraints but surrogate constraints for (12), which is the
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constraint associated with the areas of blocks. In this study, thexes for nets which contains I/O pads are extended so that their
following procedure is used to obtain a feasible floorplan. In thereas include the 1/0 pads.
procedure[ ..., 6, andp are parameters whose values should A floorplan generated by the construction method always sat-
be determined, anfl anda; denote the iteration count and thesfies all constraints of the problem except for the shape con-
area of block in the solution of [P2], respectively. straint of the chip, i.e., the constraint associated with the aspect
ratio of the chip. (Note that the LP-based method always gener-
ates afeasible layout for a given sequence-pair.) In the suggested
SA algorithm, the shape constraints are converted into a penalty
so that feasible solutions can be obtained in the search proce-
) dure. Thatis, the objective function value of a solution in the SA
Step2) IfI > Iyax OF|a; — a;| Ja; < éforalli € S, goto

step 4. Otherwise, let = I + 1, and go to step 3. algorithm is compEJted a{z’“:l(wk + h’%) Fo e '_hc}
Step3) Let\; = (a;/d;)” - \; foralli € S, and solve [P2]. (1 +0.1¢), wherew;, andhj, are, respectively, the width and
If >, (a; — @i) < gmin, 1€t gmin = >, (a; — a;) and height of a net-bounding box of nétthat are (newly) calcu-

Procedure 3.
Stepl) Let/ = 0and); = 1forall: € S, and solve [P2].
Let gmin = >, (a; — ;) and X} = X; for all 4.

M= )\ foralli € S. Go to step 2. lated by considering the 1/0 pads, agd= max(0, h./w. —
Step4) Let\; = Ar foralli € S, and solve [P2]. Ifi; > a; 7Te:T; — he/w.) is @ value indicating how much the aspect ratio
for all i € S, stop. Otherwise, go to step 5. of the chip deviates from a given range.
Step5) Forali € S, let A} = (a;/a;)” - A\f if a; < a;. Go
to step 4. B. Neighborhood Generation

In the procedure, if the area of soft blotks smaller (larger, A neiahborhood soluti fh t solution i ted
respectively) than its lower limit in the solution of [P2], is in- neighborhood sofution of In€ current solution 1s generate
creased (decreased). The amount of the increase or decreagg }Qe following three methods.
controlled by a parametex. After a series of preliminary tests, 1) Two blocks are randomly selected and they are inter-
Imax, 8, andp are set to 20, 0.001, and 0.35, respectively, con-  changed in botfi't, andI'~.
sidering solution quality and computation time. 2) Two blocks are randomly selected, and they are inter-

changed either i+ or '~ (with equal probability).

3) Two blocksi andj are randomly selected, and blocls
moved just before block either inI'+ or I'~ (with equal
probability).

In this study, we use an SA algorithm to find a sequence-pdit €ach iteration of the suggested SA algorithm, the three
which gives the best floorplan. (The construction method #fethods are randomly selected with probabilities 0.3, 0.4, and
the LP-based method is used to obtain a floorplan from a $&3.
guence-pair.) In SA algorithms, an initial solution is repeatedly
improved by making small alterations_until furt_her improvec Cooling Schedule
ments cannot be made by such alterations. Unlike greedy-type
local search algorithms, SA algorithms can avoid entrapment inln general, cooling schedules can be defined by the initial
a local minimum by allowing occasional uphill moves whichemperature, the epoch length, and the method to decrease the
deteriorate the objective function value. The uphill move is alemperature. In the suggested algorithm, the initial temperature
lowed with the probability given byxp(—A/T), whereT is Tp is chosen in such a way that the fraction of accepted uphill
a control parameter called themperatureandA is the differ- moves in a trial run of the annealing process becomes approx-
ence between objective function values of the current and neigiately Fo. In the SA algorithm, 8 moves are made and the
borhood solutions. The temperature is initially set with a ceaverage increase in the objective function vatues calculated
tain method and gradually lowered in a predetermined methadth uphill moves only, and thefh; is obtained from an equa-

V. SIMULATED ANNEALING (SA) ALGORITHM

called thecooling schedule tionexp(—A/Ty) = Fy. The epoch length specifies the number
The following shows how the SA algorithm is implemente@®f moves made with the same temperature. In the suggested al-
for the floorplanning problem. gorithm, the epoch length is set4o n, wheres is a parameter

to be determined. The temperature is decreased in such a way

that the temperature at tii¢h epoch is given by, = v71%_1,

wherey is a parameter, called the cooling ratio, with a value less
Once a floorplan is generated (from a sequence-pair) by tth@n one.

construction method or LP-based method, the total wire length

is newly calculated while taking account of exact positions . .

pins within the hard blocks and chip input—output (1/0O) pads. %' Stopping Condition

obtain exact pin positions for the hard blocks, we compare fourAmong various methods to determine when to terminate the

possible pin positions (current, 18fbtation, flip, flipand 180  search procedure, we adopt a method given by Jotetsai6].

rotation) for each hard block without changing the width ankth this method, a counter is increased by one when an epoch is

height of the block and select the best pin position. In additioapmpleted with the fraction (or percentage) of accepted moves

to consider I/0 pads on the boundaries of the chip, net-boundiegs than a predetermined limif)(and the counter is reset to 0

A. Objective Function
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when a new incumbent solution is found. The SA algorithm is TABLE |

terminated when the counter reaches a given lig)it ( AVERQ‘?&S‘S?OOTFHLHSEE%OFL?’:EC’\‘OL/QTL:EET?JNT\;'ETLHFSDBASED

E. Parameters Number of Number of hard blocks
. . . soft blocks 0 10 20 30 40 50
To find appropriate values for the five parametdfs,z, v, ¢, 0 N 075 079 083 070 077
and¢ inthe SA algorithm, we use a procedure developed by Park 10 062 067 069 062 070  0.81
and Kim [20]. The procedure employs the simplex method for gg 8-23 8'% ggg g-g? g';i g'gg
nonlinear programming to find good parameter values relatively 20 070 056 078 073 061 073
quickly without much human intervention. See Park and Kim 50 067 055 065 072 075 073
[20] for more details of the procedure. In this study, 0.7, 3, 0.95,
0.001, and 1 were selected for the valuegpfe, 7, (, andg, TABLE I
respectively. COMPARISONS OFCPU TiMES (IN SECONDS OF THE CONSTRUCTION
AND LP-BASED METHODS
VI. COMPUTATIONAL EXPERIMENTS Number of Number of hard blocks
. . . . soft blocks 0 10 20 30 40 50
There are two SA algorithms developed in this study, sinc 0 N 0001 000l 0002 0003 0005
two methods (the construction method and the LP-bas , 10 0.001 0002 0003 0004 0006  0.008
. Construction 20 0.002 0.003 0.005 0.007 0.009 0.012
method), are used for generating a floorplan from a s ethod 30 | 0004 0005 0007 0010 0014 0018
guence-pair. SA algorithms embedding the constructic 40 0.006 0008 0012 0015  0.018  0.026
50 0.011 0.014 0.020 0.023 0.029 0.034
method and the LP-based method are denoted as SA-CT 0 . 009 04l 323 iar 610
SA-LP, respectively. Since it is expected that the LP-bast . 10 0.57 127 216 3.03 7.47 14.8
. LP-based 20 3.89 4.09 15.7 19.8 244 36.1
method generates a better floorplan than the constructi i 30 568 237 876 678 184 453
method from the same sequence-pair, we may obtain a be 40 332 612 390 355 18.3 34.6
50 424 11.4 284 37.2 68.1 54.0

final floorplan if we apply the LP-based method to the best sc
quence-pair found by SA-CT. Therefore, the LP-based method
is used to improve the final floorplan obtained by SA-CT in @andomly generated from DU(J5/2]), where[n/2] is the
new algorithm, SA-CT+LP. smallestinteger that is not less thaf2. Blocks were randomly

In this study, we first compare two methods for generatingselected and included in each net but in such a way that the
floorplan from a sequence-pair. Then, we compare SA-CT+lfimber of blocks included in each net became equal to the pre-
and SA-LP with the algorithms of Yamanougtial.[29], Hong  determined value. The lower and upper limits on the aspect ratio
etal.[5], Lin and Chang [12], and Murata and Kuh [17] on thef the chip were set to 0.2 and 5.0, respectively.
Microelectronics Center of North Carolina (MCNC) benchmark We generated ten sequence-pairs for each problem and ob-
examples. SA-CT was notincluded in the tests since SA-CT+ltRined floorplans from them using the construction method and
always gives better (or at least equal) floorplans than SA-CT ki LP-based method. Tables | and Il show the average ratio of
requires negligibly short additional computation time. For thge solution value of the LP-based method to that of the con-
algorithms suggested in this studyand 3, coefficients in the struction method and the average CPU times required to obtain
objective function were set ta,/2v/A andm /4, respectively. a floorplan with the two methods.
The tests were done on a personal computer with a 500-MHZzAs expected, the LP-based method gave much better (over
Pentium IIl processor and CPLEX 6.0 was used to solve linea0% better on average) floorplans than the construction method.
programs in the algorithms. The LP-based method gave better floorplans than the construc-

tion method for all 350 tested sequence-pairs. The construction

A. Comparison of the Construction Method and the LP-Baseflethod required very short CPU time. The computation times of
Method the two methods are more affected by the number of soft blocks

Performance of the construction method and the LP-bas&@n by that of hard blocks. This is because we consider more
method was Compared on random'y generated Sequence_pﬁﬁg_didates fOI‘ the dimension Of a SOft b|OCk than those Of a hal’d
For this comparison, we randomly generated 35 problems,hlpck (five versus two) to generate a floorplan in the construc-
which there are six levels for the number of soft blocks (4ion method. Also, in the LP-based method, as the number of
10, 20, 30, 40, and 50) and six levels for the number of hap@ft blocks increases, the number of alternative floorplans in-
blocks (0, 10, 20, 30, 40, and 50). Areas of the soft blocieseases very quickly and more LPs should be solved to satisfy
were randomly generated from DU(1, 10), which is the dihe constraints associated with areas of soft blocks.
crete uniform distribution with range [1, 10], and the range of . , . .
aspect ratio was set to (0.25, 4.0). For each hard block, tRe COmparison With the Algorithm of Yamanouchi et al. [29]
length of the shorter side was randomly generated from DU(1,Next, SA-CT+LP and SA-LP are compared with the algo-
4), and then the length of the longer side was generated fithhm of Yamanouchkt al. [29], which is denoted by YTK in
adding a random number generated from DU(O, 3) to the lendtthis paper. Note that YTK was developed to solve problems in
of the shorter side. The number of nets was generated by mwhich there were hard blocks only, and it showed better per-
tiplying the number of blocks by a random number generatéarmance than the algorithm of Muraga al. [16]. We used the
from DU(3, 8). The number of blocks included in each net wdargest MCNC floorplan benchmark example (ami49) for the
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TABLE Il TABLE IV
COMPARISON OF THESUGGESTEDALGORITHMS WITH YTK COMPARISON OF THESUGGESTEDALGORITHMS WITH CBL AND TCG
Width Height Area  Wire length CPU time apte Xerox hp ami33 ami49
() ) (mmz) (mm) (seconds) . (9,97t (10,203) (11,83) (33,123) (49,408)
YTK 5824 6440 376 7239 563 Bl wiaamm) 474 202 NA 126 3838
SA-CT+LP 6524 5754 37.5 752.7 158.7 engh(mm) 19495 4047 N 3LeT T3E
E 37.9 7017 16683.5 seconds A NA NA NA
SA-LP 5628 6734 ~ : : Area 4848 2042 949 1237 3820
The test on YTK was done on a Sun Sparc Station 20 while the tests on the other two TCG Wire length 378.0 385.0 151.8 50.29 663.1
algorithms were done on a personal computer with a S00MHz Pentium processor. CPU seconds 49 114 59 939 3613
Area 47.30 20.42 9.26 1.197 37.75
SA-CT+LP Wire length 294.33 430.97 141.12 41.08 625.88
CPU seconds 1.13 2.31 2.16 65.21 180.2
Area 47.44 20.42 9.25 1.227 37.54
SA-LP Wire length 275.57 443.73 138.3 46.14 752.4
co c1 CPU seconds 298.2 589.23 501.1 2902.1 16198.4
c2 The test on TCG was done on a 400MHz Sun Sparc Ultra-60 workstation while the tests on the
suggested algorithms were done on a personal computer with a 500MHz Pentium processor.
Cc3 T aand b in (a, b) denote the numbers of (hard) blocks and nets, respectively.
s rc_e
€44 |c 22)c 6 | Table IV shows results of the test. Solution values of problem
L_ ca hp and CPU times for CBL are not given here since they were
¢ 37 .43 c1s | cz _ not reported in [5], and test results of TCG were obtained from
e[ cm ] o il R .33 a 433-MHz SUN Sparc Ultra-60 workstation [12]. In general,
cai c_m = 1 c2t 26 SA-CT+LP and SA-LP gave better solutions (in terms of both
H__-_’, A . c 3 o0 J the total wire length and the chip area) than CBL and TCG for
cal €12 -1 ca ; ; ; i i
I S ‘“J F e o car the large sized problems including hp, ami33, and ami49 but
- — ¢ 28 - - similar or worse solutions for the rest of the problems. There was
T l cia | €5 | - o . . : "
: c_48 no significant difference in the solution qualities of SA-LP and
col e il Wil PO c_32 SA-CT+LP for the problems because the LP-based method is
- c_13 .31 - ' based on the result of the construction method for the hard-block

problems in which dimensions of the blocks are predetermined.

Fig. 1. Final floorplan obtained by SA-CT+LP for ami49.

D. Comparison With the Algorithms of Murata and Kuh [17]
comparison since it was used for testing performance of YTK in The suggested algorithms are compared with two algorithms
Yamanouchgt al.[29]. In ami49, the numbers of (hard) blocksof Murata and Kuh [17], known as EXACT and DIS2+POST on
and nets are 49 and 408, respectively. In the test problem, flye (modified) MCNC benchmark examples (apte-s, xerox-s,
lower and upper limits on the aspect ratio of the chip were sigb-s, ami33-s, and ami49-s). In these problems, all blocks are
to 0.8 and 1.25, respectively, as was done in Yamanaetchii soft blocks whose aspect ratios should be within the range (0.1,
[29]. 10). (Note that Murata and Kuh modified the MCNC benchmark

Table 11l shows results of the test. Note that the test resgkamples for their test. In the original MCNC benchmark exam-
of YTK was obtained from a Sun Sparc Station 20. SA-CT+LpBles, all blocks are hard blocks.) EXACT and DIS2+POST are
gave a floorplan with a slightly less chip area than that frogimilar to the algorithms suggested in this research in that they
YTK although the total wire length was about 4% longer. On thgse the sequence-pair to represent the topology of a floorplan
other hand, SA-LP gave a floorplan with a slightly larger chiand use an SA algorithm to find the best sequence-pair. How-
area but at about 3% shorter total wire length compared with tbeer, they use different methods for obtaining a floorplan from
floorplan obtained from YTK. It seems that there was not much sequence-pair and for generating neighborhood solutions in
difference in the solution quality between the three algorithniise SA algorithm. See Murata and Kuh [17] for more details on
on the test problem in which there are only hard blocks. Fig.BXACT and DIS2+POST. In the test problems, both the lower
shows the final floorplan obtained by SA-CT+LP for ami49. and upper limits on the aspect ratio of the chip were set to 1.0,

] ) ) _that is, the chip should be of a square shape.
C. Comparison With the Algorithms of Hong et al. [S]and Lin tapje v shows results of the comparison. Test results of
and Chang [12] EXACT and DIS2+POST were obtained from a 250-MHz

The suggested algorithms are compared with the algorithdd&C Alpha workstation [17]. Floorplans obtained from the
of Honget al.[5] and Lin and Chang [12], denoted here by CBlalgorithms suggested in this study are much better in terms of
and TCG, respectively, on five MCNC benchmark examplethe total wire length and slightly better in terms of the chip size
CBL and TCG use a corner block list and a transitive closuthan those from the existing algorithms. EXACT and SA-LP
graph, respectively, for topological representation of nonslicimgquired very long computation time (especially for large
floorplans, and they use SA algorithms to find the best solutiosized problems), while DIS2+POST and SA-CT+LP found
In the test problem, the lower and upper limits on the aspect ratioorplans within a reasonably short computation time. SA-LP
of the chip were set to 0 ansb, respectively, since they wereshowed the best performance in terms of the total wire length
not considered in [5] and [12]. and the chip size for all problems except for apte-s. Compared
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TABLE V two methods to obtain a floorplan from a sequence pair: a
COMPARISON OF THE SUGGESTED ALGORITHMS construction method and a method based on LP. These two
WiTH EXACT AND DIS2+POST . . .
methods were embedded in SA algorithms, which are used
(;p;e;; (}(3“’2’338 ll;p-é 3?13132; ir;ui%; to find a near-optimal floorplan. Results of computational
Area () 465’53321, 1952)988; §82’684)1 (115’9929) 3(55’8122)5 tests on well-known test pro_bl_ems shov_ved that the suggested
EXACT  Wirelength () 344358 401254 118819 53393 775104  algorithms outperformed existing algorithms and gave good

CPU seconds 789 1198 1346 75684 612103 ; - .
Area 46635241 19474569 8868484 1162084 36048016 SO'““_OHS in a reasonable amount _Of time. .
DIS2+POST ~ Wire length 421174 533990 157166 51346 850305 This research can be extended in several ways. For instance,
CPU seconds 1.32 2.06 2.05 2809  50.40

we may consider floorplanning problems in which locations of

Area 46726924 19352812 8835280 1158363 35613678 . . . . .
SA-CT+LP  Wire length 243412 452686 121519 51383 746924  Ppins in soft blocks are to be determined simultaneously with
CPU seconds 2.74 3.92 5.01 115.1 402.4 it i i -
Area 46561640 19350308 8830586 1157829 35520644 pOSItIOI’]S and dlmens_lons_ of the blocks. To solve the_s_e prob
SA-LP Wire length 278178 376092 101011 45759 663689  lems, the LP model given in this paper should be modified and

CPU seconds 4965 48720 16599 162600 689951 the LP-based method should be modified accordingly. Also,
The tests on EXACT and DIS2+POST were done on a 250 MHz Dec Alpha workstation while the i i 1 -
tests on the other two algorithms were done on a personal computer with a SO0MHz Pentium we may consider a prObIem in which b|OCkS have nonrectan
processor. . gular shapes. For this problem, one may divide nonrectangular
faandbin (a, &) denote the numbers of (soff blocks and nefs, respectively. blocks into several smaller rectangular blocks. In this case, we

must consider constraints for representing positional relation-

ships among the divided blocks. Finally, since the floorplan-
¢ co ning problem is closely related with the facility layout problem,
- which is the problem of determining a physical layout of a (man-
ufacturing or service) system, algorithms and models of recent
I studies for facility layout problems [3], [8], [9], [21], [25] may
C_8 c_21 . .
ca3| cz| lce ca be used for the floorplanning problem after proper modifica-
¢z €33 .3 tions or extensions.
c_a4 e R T APPENDIX
¢ 28 e ”1 car |8 [Ty A sequence-pail = (I't;T'") is a pair of sequenced't
T C 18 C13 Tl ca c_37 c o andI’ ) of indexes of blocks. For example, (1, 3,2; 2,1, 3)isa
C_26 c“n ¢ 35 c 30 c_39 - sequence-pair in cases where there are three blocks. According
c_27 — _ c_a2 toI', relative positions of the blocks are represented as follows.
10 c_36 C 3alca8 | cas 1) If i appears beforg in both 't and ', (the right
2 ca - — boundary of) block is to the left of (the left boundary
g c a7 of) block j in the floorplan (corresponding 0), that is,
- - zf" < zb. (See Section Il for notation.)
2) If i appears aftef in bothI't andI'~, block: is to the
3 right of blockj in the floorplan, that isz}' > z".
3) If i appears aftej in I't and beforej in I'~, (the top

boundary of) block is below (the bottom boundary of)
block j in the floorplan, that isy?* < 35"
4) If i appears beforg in I't and afterj in I'—, blocki is
to the cases in which chips consist of hard blocks (see Tables Il apove block; in the floorplan, that isy?® > ybt.
and V), SA-LP showed much better performance (in terms Murata et al. [16] prove that for an arbitrary’, there al-

of the solution quality) than SA-CT+LP. This may be becausg,y s exist floorplans of which the topology is represented by
_d|menS|ons OT soft blopks are th'm'ZEd using _LP SQIUt'Or}S’. Note that there are an infinite number of floorplans of which
in SA-LP, while only five candidates for the dimension Oy,q y4n010gy is represented by an arbitrary sequence-pair, since
each block are considered in SA-CT+LP. However, althougRe e are an infinite number of ways to piace blocks on a con-
SA-CT+LP was not as good as SA-LP, it showed better pZEual plane while keeping relative positions among them the
formance than EXACT and DIS2+POST and required muel) o “on the contrary, for every floorplan, we can obtain a
;horter computathn time than SA'CT+L|:_)' Fig. 2 shows tflf“nique sequence-pair that represents the topology of the floor-
final floorplan obtained from SA-LP for ami49-s. plan, if we assume without a loss of generality that when block
1 is above (below) blocl and at the same time, to the left (or
VII. CONCLUSION right) of blockj, blocki is considered to be above (below) block
In this paper, we considered the floorplanning problem See Muratat al.[16] for more details on the sequence-pair.
with the objective of minimizing the total wire length and
the chip size. A mathematical programming formulation is REFERENCES

given for the problem, and th.e. sequence-pair was used t(?1] P.Chen and E. S. Kuh, “Floorplan sizing by linear programming approx-
represent the topology of nonslicing floorplans. We developed  imation,” in Proc. 37th Design Automation Con2000, pp. 468—471.

Fig. 2. Final floorplan obtained by SA-LP for ami49-s.
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